Mutational spectrum
XPA: 122 known disease-causing mutations from 101 patients. Mutations: 77 (63%) G4C, 3 (2%) T4A, and 2 (1.5%) G4T transversions, 30 (25%) transitions (20 of these are c.682C4T stop codon mutations; GenBank accession number: NC_000009.11), 8 (7%) deletions, and 2 (1.5%) insertions. Consequences: frameshifts, protein truncations, and functional relevant amino-acid substitutions. [1] [2] [3] XPB/ERCC3: eight known disease-causing mutations from five patients. Mutations: 1 (12.5%) C4A transversion, 1 (12.5%) A4C transversion, 1 (12.5%) G4A transition, 3 (37,5%) T4C transitions, 1 (12.5%) deletion (c.807-808delT_T), and 1 (12.5%) insertion (c.1421-1422insA). Consequences: two functional relevant amino-acid substitutions (c.296T4C (p.(Phe99Ser)) and c.3554C (p.(Thr199Pro))), and six frameshift/protein truncations (GenBank accession number: NC_000002.11). 4 XPC: 51 known disease-causing mutations from 114 patients. Mutations: transitions, transversions, deletions, insertions, complex deletion/insertion mutations, and splice-site mutations. Consequences: frameshifts, protein truncations, and functional relevant amino-acid substitutions. Here, a phenotype correlation emerges indicating that XPC mutations only result in a classical XP phenotype. [5] [6] [7] [8] XPD/ERCC2: 48 known disease-causing mutations from 32 XP patients (36 trichothiodystrophy patients are excluded). Mutations: 43 (90%) base exchanges and 5 (10%) deletions. Consequences: frameshifts/protein truncations and functional relevant amino-acid substitutions. A genotype-phenotype correlation could already be established indicating that XPD mutations can result in six different clinical entities: classical XP, XP with neurological symptoms, trichothiodystrophy (TTD), XP/TTD complex, XP/Cockayne syndrome complex, or the cerebro-oculo-facio-skeletal syndrome (COFS). [9] [10] [11] XPE/DDB2: nine known disease-causing mutations from 12 patients. Mutations: four (44%) transitions, two (23%) transversions, and three deletions (33%). Consequences: functional relevant amino-acid substitutions, frameshifts/protein truncations. 12 XPF/ERCC4: 15 known disease-causing mutations from nine patients. Mutations: nine (60%) transitions and one (7%) transversion, four (26%) deletions, and one (7%) insertion. Consequences: functional relevant amino-acid substitutions, frameshifts/protein truncations. [1] [2] [3] XPG/ERCC5: 25 known disease-causing mutations from 19 patients. Mutations: 12 (48%) transitions, 5 (20%) transversions, and 8 (32%) deletions. Consequences: Functional relevant amino-acid substitutions, frameshifts/protein truncations. 13, 14 POLH: 32 known disease-causing mutations from 22 patients (three patients are completely uncharacterized). Mutations: 5 (16%) transitions, 4 (13%) transversions, 18 (55%) deletions, and 5 (16%) insertions. Consequences: functional relevant amino-acid substitutions, frameshifts/protein truncations. 15 
Analytical methods
Xeroderma pigmentosum is clinically diagnosed. Hallmarks of the disease include severe sun-sensitivity since birth, freckling in sunexposed skin in the first years of life, and skin cancer development at a mean age of 8 years. 16, 17 As the clinical entity xeroderma pigmentosum (XP) can be caused by eight different defective genes (XPA-XPG and POLH), there are functional DNA-repair assays available to define the defective gene (complementation group assignment-see section 3.1.1.).
Finally, base sequence analysis of the identified gene identifies the exact disease-causing mutation and ultimately proves the diagnosis. DNA material for sequencing is derived from cultured primary patient fibroblasts established from a skin punch biopsy or from peripheral venous blood. cDNA sequencing can confirm the mutation and detect the expression of variant alleles. Exons and flanking intron regions are targets for sequencing for validating the genotype of the XP patient. To date, knowledge of the exact disease-causing mutation(s) has no therapeutic consequence. If available, the mutations should be validated in the healthy parents or other siblings of the affected patient.
Knowledge about the mutated mRNA and/or protein levels may be helpful, too. To this end primary fibroblasts can be used for mRNA level measurements via qPCR techniques. Western blotting can give an idea about the amount of (mutated) protein expression and its size. In case of frequently occurring and disease-causing base exchanges (eg founder mutations in XPA in Japan) mutation detection can be facilitated by applying restriction fragment length polymorphism (RFLP) techniques. Methods may differ from lab to lab and new 'high throughput' techniques like exome sequencing or whole-genome sequencing may soon be available more broadly.
Analytical validation
The mutation, once identified, is confirmed by sequencing another independently prepared sample. The genetic investigation of the direct relatives of the patients assigns the origin to the parents and manifests the XP genotype(s).
Estimated frequency of the disease
Incidence at birth ('birth prevalence') or population prevalence (if known to be variable between ethnic groups, please report):
XP occurs worldwide an in all ethnic groups. The worldwide frequency of XP is very low and differs in different regions in the world (North America 1:1 000 000, North Africa/Middle East 1:50 000, Northern Europe 1:450 000). XP-A, XP-C, XP-D, and XP-V patients prevail compared with the other complementation groups. Patients are reported from Japan, USA, Europe, and the Middle East. In the Japanese population, XPA gene mutations are the most common cause of XP (confirmed founder mutations). XP-B is very rare and appears equally distributed throughout all populations. XP-C is the most frequent complementation group worldwide and especially in USA, Europe, and the Middle East (confirmed founder mutation as detected by microsatellite analysis). A very high incidence (B1/5000) of black XP-C patients was reported in the Mayotte population in the Indian Ocean, whereas XP-C has rarely been reported in Japan. XP-D occurs at a frequency of 20% worldwide. A confirmed XPD founder mutation is common among Iraqi Jews causing a very mild XP phenotype. XP-F is very rare, patients have mainly reported from Japan or Europe. XP-G patients have also been infrequently described, mostly in Europe, Japan, and USA. The largest group (one-third) of all patients with XP are those of the variant type with defective polymerase eta. Carriers of the mutated polymerase eta gene have been mostly identified in Europe and USA. 1, 3, [16] [17] [18] [19] 1.9 Diagnostic setting
Genetic testing for XP is also applied in the context of population screening. 
TEST CHARACTERISTICS
Negative predictive value:
Analytical sensitivity (proportion of positive tests if the genotype is present)
Parallel genomic DNA and mRNA sequencing exhibit an estimated positive predictive value above 95%.
Analytical specificity (proportion of negative tests if the genotype is not present)
Parallel genomic DNA and mRNA sequencing exhibit an estimated negative predictive value above 95%.
Clinical sensitivity (proportion of positive tests if the disease is present)
The clinical sensitivity can be dependent on variable factors such as age or family history. In such cases, a general statement should be given, even if quantification can only be made case by case. The clinical sensitivity of parallel genomic DNA and mRNA sequencing can be estimated at 80-90%.
Clinical specificity (proportion of negative tests if the disease is not present)
The clinical specificity can be dependent on variable factors such as age or family history. In such cases a general statement should be given, even if a quantification can only be made case by case.
The clinical specificity of parallel genomic DNA and mRNA sequencing can be estimated at 495%.
Positive clinical predictive value (life-time risk to develop the disease if the test is positive)
The life-time risk to develop the disease if the genetic testing was positive is 100%; however, there can be considerable individual variation in the severity of the disease expression.
2.6
Negative clinical predictive value (probability not to develop the disease if the test is negative) Assume an increased risk based on family history for a non-affected person. Allelic and locus heterogeneity may need to be considered.
Index case in that family had been tested: If an index case in the family has been positively tested (XP-causing gene and mutation known) a negative test (not homozygous, compound heterozygous or hemizygous for disease-causing mutation) in another family member can be attributed with a nearly 100% negative clinical predictive value. To date, heterozygous mutation carriers are regarded as healthy individuals. 3, 16 Index case in that family had not been tested:
Genetic testing of other family members without clinical symptoms and not testing the affected index patient is unusual and not recommended. XP is an autosomal-recessive disease. If there is no index case in the family, the probability of not suffering from XP, if there are suggestive clinical symptoms and the genetic testing was negative, may be estimated at 80-90 Q3 %. This includes disease-causing alterations that cannot be detected with exonic and cDNA sequencing (eg promoter mutations, epigenetic alterations) and yet unidentified XP-causing genes. Eight XP-causing genes have been identified, but more than 20 proteins are involved in the nucleotide excision repair pathway.
3. CLINICAL UTILITY 3.1 (Differential) diagnostics: the tested person is clinically affected (To be answered if in 1.9 'A' was marked)
Can a diagnosis be made other than through a genetic test?
No & (continue with 3.1.4) Yes, 2
Clinically 2

Imaging 2
Endoscopy & Biochemistry 2
Electrophysiology 2
Other (please describe) 2 Functional molecular DNA-repair tests XP patients (except XP-V patients) show a defect in the nucleotideexcision repair (NER) pathway. This is a repair mechanism that enables the removal of bulky DNA lesions. NER almost exclusively removes the bulky DNA lesions that result from UV light exposure (DNA photoproduct removal). 20 Unscheduled DNA synthesis (UDS) is a method to functionally measure the cellular NER capacity. The readout is the amount of incorporated labeled nucleoside analogs into the DNA after irradiation of (patient) cells with UV light (corresponds to the last gapfilling step of NER after excision of the DNA damage-carrying oligonucleotide). These analogs are either radioactively or fluorescently labeled and can be quantified per nucleus. UDS is reduced in XP patient cells, indicating reduced gap filling (DNA synthesis) after reduced excision repair. Like UDS, host cell reactivation (HCR) can also be utilized for functional cellular NER assessment and for complementation group assignment (XP-A to XP-G). Here, patient cells are transfected with a UV-irradiated reporter gene plasmid (coding for firefly luciferase). XP host cells show a markedly decreased luciferase expression compared with wild-type cells due to their inability to repair transcription-blocking UV-photoproducts from the reporter gene plasmid. Transfection of an expression plasmid containing wild-type cDNA of the respective XP gene is able to restore, at least in part, the NER capacity of XP patient cells Q4 . This in turn results in increased UDS or luciferase expression (HCR) and can therefore be used to assign XP patients complementation groups. For XP-V patients (no repair defect; defect in translesional synthesis) a post-UV cell-survival assay can be performed. This proliferation assay determines the general ability of cells to cope with cellular stress like UV-light exposure. In case of XP-V patients, the polymerase eta is unable to perform accurate translesion synthesis. Translesion synthesis occurs only during S phase. Caffeine reverses the cell cycle checkpoint and allows cells to enter S phase again. Only if caffeine is added to the cell cultural medium XP-V cells exhibit a reduced post-UV cell survival. Under these conditions, the defect of polymerase eta becomes detectable. 3, 16 In addition, it is possible to diagnose XP-C patients using quantitative Real-Time PCR. The amount of XPC mRNA expression corresponds to the diseased alleles (reduction of one third in XPC heterozygotes and of more than two thirds in XPC homozygotes or compound heterozygotes). This holds true only for XPC but not the other XP genes. 5, 6 3.1.2 Describe the burden of alternative diagnostic methods to the patient The burden of skin punch biopsies is very low for the patients (bleeding, possibly infection, and pain) and will result in a tiny scar. The burden of drawing venous blood is negligible.
3.1.3
How is the cost effectiveness of alternative diagnostic methods to be judged? Complementation group assignment applying functional tests (followed by gene sequencing) is the preferred process to minimize cost and time. However, the diagnosis of XP is primarily based on clinical examinations. To confirm the clinical diagnosis, genetic testing can be performed and allows to pinpoint the disease-causing gene as well as mutation. Due to the fact that XP is a highly diverse disease with at least eight disease-causing genes, abandonment of alternative diagnostics (complementation group assignment) is not advisable until new technologies such as next-generation sequencing may lower costs and turn-around time.
Will disease management be influenced by the result of a genetic test?
No &
Yes 2
Therapy (please describe)
Not to date.
Prognosis (please describe)
Possible. If the mutation has been described before, the severity of the disease symptoms may be deduced to some extent.
Management (please describe)
Early genetic XP diagnosis (especially in populations with a high frequency of founder mutations) and institution of sun protection measures are essential for preventing skin cancer and preserving vision. 
IF APPLICABLE, FURTHER CONSEQUENCES OF TESTING
Please assume that the result of a genetic test has no immediate medical consequences. Is there any evidence that a genetic test is nevertheless useful for the patient or his/her relatives? (Please describe). Genetic XP testing is quite useful. First, the patients and his family know exactly the disease-causing gene and its mutation, and they better understand the reason for their symptoms. Second, siblings of the XP patients can be assured of being disease carriers or noncarriers. Third, as XP research advances genotype-phenotype correlations are beginning to emerge. In the future, doctors may be able to advice patients towards certain behaviors (eg strictness of sun avoidance) based on the type of mutation in a certain XP-causing gene. Knowing the causative gene and mutation enables accurate genetic counseling to the patient and his family, and further provides an option for prenatal diagnosis when desired. Several XP support groups worldwide (USA, UK, Germany, France, South Africa, Tunisia, Spain) with the overall goal to improve the quality of life of those affected with XP through education and support do exist. Concerning XP mutational databases the following web-sites may be useful: Genetics Home Reference (http://ghr.nlm.nih.gov/condition/xeroderma-pigmentosum), the Xeroderma Pigmentosum and Cockayne Syndrome Human Mutation Database (http://www.xpmutations.org), the Human Gene Mutation Database (http://www.hgmd.cf.ac.uk/ hgmd0.html), and other databases like PubMed or those mentioned on the DNA Repair Interest Group web site (http://sigs.nih.gov/DNArepair/Pages/default.aspx).
